to the cell freezing treatment. Regardless of freezing method (cell vs. tissue), addition of 200 mM trehalose to freezing medium increased germ cell recovery and proliferation capacity compared to cells frozen using the same freezing method without trehalose. Interestingly, addition of trehalose to the tissue freezing medium significantly increased germ cell recovery (P = 0.012) and proliferation capacity (P = 0.004) compared to the cell freezing treatment supplemented with trehalose. To confirm that cryopreservation in trehalose improves the survival of Spermatogonial stem cell, testis cells enriched for undifferentiated germ cells were xenotransplanted into recipient mouse testes. Germ cells recovered from tissue frozen with 200 mM trehalose generated significantly more (P < 0.001) donor derived colonies than tissue frozen without trehalose. Regardless of cryopreservation medium or freezing method, testis cell recovery, viability, and proliferation capacity of germ cells after thawing were significantly lower compared to those of untreated fresh control. Nevertheless, these data demonstrate that undifferentiated porcine germ cells can be efficiently cryopreserved in the presence of 200 mM trehalose.
INTRODUCTION
Spermatogonial stem cells are adult stem cells that provide the foundation for life-long spermatogenesis (Russell et al., 1990) . The study of spermatogonial stem cell not only allows for the elucidation of mechanisms directing male fertility but also allows for the development of practical applications such as germ line preservation and the production of transgenic livestock (Brinster and Avarbock, 1994; Avarbock et al., 1996; Dobrinski et al., 2000) . Of particular interest to both livestock production and human medicine is the development of techniques to manipulate the porcine spermatogonial stem cell. The pig is used extensively for biomedical research due to similarities to humans such as size, diet, propensity to obesity, and anatomy and physiology of digestive, urinary, and cardiovascular systems (Tumbleson and Schook, 1996; Zeng et al., 2009) . Although repeatable techniques for the longterm culture of porcine spermatogonial stem cell have yet to be developed, preliminary experiments show that the cryopreservation of testis tissue and cells is a viable method for the long-term preservation of porcine spermatogonial stem cell (Dobrinski et al., 2000) . Previous work has indicated that slow-freezing protocols are more efficient at preserving porcine spermatogonial stem cell than vitrification; however, optimization of cryopreservation media has not been performed (Zeng et al., 2009) . Recently, it has been demonstrated that the addition of trehalose to conventional cryopreservation media significantly increases the postthaw recovery, survival, and proliferation capacity of mouse spermatogonial stem cell .
The objective of the current study was to develop cryopreservation techniques that enhance the long-term preservation of porcine spermatogonial stem cell. To accomplish this objective, porcine testis tissue or cells (including spermatogonial stem cell) were cryopreserved in various media, including media containing trehalose, and evaluated after thawing for recovery, survival, proliferation capacity, and ability to generate donor derived colonies in recipient mouse testes. (FASS, 2010) .
MATERIALS AND METHODS

All animal procedures were approved by the Animal Care and Use Committee of Chung-Ang University in accordance with the Guide for the Care and Use of Agricultural Animals in Agricultural Research and the Guide for Care and Use of Laboratory Animals
Testis Cell Collection and Preparation
All materials were purchased from Sigma-Aldrich (St. Louis, MO; www.sigmaaldrich.com), unless otherwise stated. Figure 1 details the experimental procedure. Donor testes were obtained from prepubertal 16-wk-old Duroc boars. After castration, testes were placed in Dulbecco's phosphate buffered saline (DPBS; Invitrogen, Grand Island, NY; www.lifetechnologies.com) on ice, decapsulated, and minced with forceps into 2 to 3 mm 3 pieces. Half of the tissue fragments were placed at 4°C before freezing. The remaining tissue fragments were used to generate single cell suspensions using sequential enzymatic digestion as previously described (Kim et al., 2010 with minor modifications. Briefly, testis fragments were incubated in 1 mg/mL collagenase IV for 10 min at 37°C with periodic agitation. After collagenase digestion, tissues were washed Figure 1 . Experimental design. Boar testes were isolated and dissected to 2 to 3 mm 3 pieces. Some tissues were frozen intact (tissue freezing method) whereas other tissues were subjected to enzymatic digestion and single cell suspensions were frozen (cell freezing method). After 1 mo, specimens were thawed, tissue freezing samples were subjected to enzymatic digestion, and all experimental units were evaluated for viability and recovery (A). Germ cells were then isolated from thawed cells using differential plating and germ cell recovery was determined by protein gene product 9.5 (PGP 9.5) expression (B). Enriched populations of undifferentiated germ cells were then cultured to determine proliferation potential (C) and select samples were xenotransplanted into recipient testes to confirm spermatogonial stem cell function (D). LN 2 = liquid nitrogen. See online version for figure in color.
3 times with DPBS and incubated in a 4:1 solution of 0.25% trypsin in 1 mM EDTA (Invitrogen) and 7 mg/mL deoxyribonuclease (DNase) I in DPBS (Roche, Basel, Switzerland; www.roche.com) for 5 to 10 min at 37°C. Fetal bovine serum (FBS; Hyclone; Thermo Scientific, Thermo, Hudson, NH; www.thermoscientific.com) was added to 10% of the total volume to inactivate enzymes. After digestions, cell suspensions were filtered through a nylon mesh with 40 μm pores (BD Biosciences, San Jose, CA; www.bdbiosciences.com), centrifuged at 600 × g for 7 min at 4°C, and diluted to 5 × 10 6 cells/mL with basic medium (Dulbecco's modified Eagle medium [Invitrogen] containing 10% FBS, 2 mM L-glutamine, 0.1 mM β-mercaptoethanol, 100 units/ mL penicillin, and 100 μg/mL streptomycin). Cell viability was determined by trypan blue exclusion.
Cryopreservation
Two different cryopreservation methods and various cryopreservation media were evaluated. The cryopreservation methods included freezing of testis tissue (tissue freezing method; 1 g of tissue per vial) or single cell suspensions of testis cells (cell freezing method; 4 g of tissue were digested into single cell suspension and divided into 4 tubes before freezing such that each tube received cells from 1 g of tissue). Cryopreservation media included the basic freezing media, consisting of minimum essential media (MEM) alpha (Invitrogen) with 10% dimethyl sulfoxide (DMSO) and 10% FBS, or basic freezing media supplemented with 50, 100, or 200 mM trehalose. Prior to cryopreservation, tissues and cells were suspended in their respective cryopreservation media and placed into 1.8 mL cryovials (Corning, Midland, MI) . After allocation, samples for the tissue freezing method were placed on ice for 15 min with periodic agitation to allow for complete medium diffusion in to the tissue samples (Jahnukainen et al., 2007) . For freezing, vials were placed in a Nalgene freezing container and placed at -80°C for overnight. The next morning, vials were placed in liquid nitrogen for a 30-d freezing period.
Postthaw Analysis of Undifferentiated Spermatogonia
To determine the effect of the various cryopreservation methods, thawed cells were evaluated for 1) recovery of viable testis cells (recovery of testis cells), 2) recovery of viable undifferentiated germ cells after thawing and germ cell enrichment (recovery of germ cells), and 3) proliferation of undifferentiated germ cells after thawing, enrichment, and short-term culture (Fig. 1 ). Samples were thawed by incubation in a 37°C water bath for 2.5 min. Samples that were cryopreserved using the tissue freezing method were digested into single cell suspensions as described above. To compare the efficiency among the freezing methods, all analyses were reported based on the number of cells recovered per gram of testis tissue frozen.
Recovery of Viable Testis Cells. After thawing, testis cells were evaluated for viability by trypan blue exclusion. The recovery of testis cells was calculated as the number of live cells recovered per gram of testis tissue that was cryopreserved.
Recovery of Cells Enriched for Germ Cells. To separate testis cells from erythrocytes and cellular debris, single cell suspensions of thawed testis cells from both the tissue and cell freezing methods were subjected to discontinuous Percoll gradient sedimentation using 30 and 50% Percoll gradients. Cells from the interface layer were collected. Cells were washed 3 times by centrifugation at 600 × g for 7 min at 4°C and suspended in basic medium. After washing, Percoll-selected cells were subjected to differential plating to enrich for undifferentiated germ cells. Briefly, 10 × 10 6 cells were suspended in 3 mL basic media, plated onto a 60 mm tissue culture dish (BD biosciences), and incubated overnight in 5% CO 2 in air at 37°C. After overnight incubation, cells that were loosely adhered or floating within the supernatant were recovered by gentle pipetting. Culture dishes were washed gently 3 times with 7 mL DPBS and all recovered nonadherent cells were centrifuged at 600 × g for 7 min at 4°C. The resulting cell pellet was resuspended and subjected to a second Percoll selection as described above to remove cellular debris from the overnight culture. The interface cells were suspended in serumfee medium (SFM) as previously described (Ryu et al., 2005) , with minor modifications for porcine spermatogonial stem cell (Supplemental Table 1 ). After suspension in SFM, the number of undifferentiated germ cells was determined by expression of the protein gene product 9.5 (PGP 9.5; also named ubiquitin C-terminal hydrolase L-1 [UCH-L1]; Luo et al., 2006) . Recovery of viable germ cells was reported as the number of germ cells expressing PGP 9.5 after thawing, Percoll selection, and differential plating per gram of tissue initially frozen.
Proliferation Capacity. To determine the proliferation capacity of undifferentiated germ cells, testis cells were placed on mitotically inactivated mouse yolk sac-derived endothelial feeder cells (C166; CRL-2581; American Type Culture Collection, Manassas, VA) at a concentration of 0.2 × 10 6 cells/well of a 24-well plate. Testis cells were cultured in SFM containing 40 ng/mL human glial cell line-derived neurotrophic factor (hGDNF; R&D Systems, Minneapolis, MN), 300 ng/mL rat GDNF family receptor alpha 1 (rGFRA1; R&D Systems), and 1 ng/mL human basic fibroblast growth factor (hbFGF; BD Biosciences). Germ cell cultures were maintained for 12 d in 5% CO 2 in air and medium was replaced every 2 d. Mitotically inactive feeder cells were prepared by incubation with mitomy-cin C as previously described (Kubota et al., 2011) . The proliferation capacity of germ cells was reported as the number of PGP 9.5-positive undifferentiated germ cells after 12 d of culture per gram of initially frozen testis tissue. The number of germ cells recovered from a gram of tissue after thawing and culture was calculated by using following equation: number of germ cells recovered after freeze-thawing and culture from a gram of frozen tissue = number of PGP 9.5-positive undifferentiated germ cells recovered from 0.2 × 10 6 cells cultured after thawing × number of total cells recovered after thawing and differential plating/200,000.
Immunohistochemistry
After removing the capsule, some fresh testis tissue was fixed in Bouin's solution for histological examination. Fixed tissue was washed, dehydrated, embedded in paraffin wax, sectioned, and adhered to histology slides. After preparation, some sections were deparaffinized, rehydrated, and stained with hematoxylin and eosin for histologic analysis of testis tissue. For immunohistochemical analyses, tissue sections were permeabilized by incubation in DPBS containing 0.1% Triton X-100 at room temperature for 10 min and blocked in DPBS containing 5% (wt/vol) BSA (BSA solution) for 30 min to avoid nonspecific antibody binding. After blocking, sections were incubated with rabbit anti-bovine PGP 9.5 (Dako, Glostrup, Denmark; www.dako.com) and mouse anti-human promyelocytic leukemia zinc finger (PLZF; zinc finger and BTB domain containing 16 [ZBTB16]) primary antibodies (EMD Millipore, Billerica, MA; www.milipore.com) diluted 1:100 in BSA solution at 4°C overnight. The next day, sections were washed 3 times with DPBS and incubated with Alexafluor 488-conjugated donkey anti-rabbit IgG (Invitrogen) or Alexafluor 568-conjugated goat anti-mouse IgG (Invitrogen) secondary antibodies diluted 1:200 for 1 h at room temperature. Sections were then washed 3 times in DPBS and mounted with VectaShield mounting media containing 4',6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA; www.vectorlabs.com). Negative control slides were generated by replacing primary antibodies with PBS. Sections were analyzed with a Nikon TE2000 microscope with NIS Elements imaging software (Nikon, Tokyo, Japan; www.nikon.com).
Immunofluorescence
To perform immunofluorescence, 10 μL of single cells suspensions (1 × 106 cells/mL) acquired at various points throughout the experiment were plated per well of Teflonprinted slide (12-well slide, 5 mm diameter/well; Electron Microscopy Sciences, Hatfield, PA) and incubated for 10 min at 37°C. Bound cells were fixed for 30 min with 4% paraformaldehyde for immunofluorescent analysis. After fixation, cells were permeabilized for 10 min at room temperature in DPBS containing 0.1% Triton X-100 and blocked for 30 min with BSA solution. Cells were then incubated at 4°C overnight with rabbit anti-bovine PGP 9.5 or mouse anti-human PLZF (Abcam, Cambridge, MA; www. abcam.com) primary antibodies diluted 1:200. After incubation with primary antibodies, cells were washed 3 times with DPBS and incubated for 1 h at room temperature with Alexafluor 488-conjugated donkey anti-rabbit IgG (Invitrogen) or Alexafluor 488-conjugated goat anti-mouse IgG (Invitrogen) secondary antibodies diluted 1:200. Cells were then washed 3 times in DPBS and mounted with VectaShield mounting media containing DAPI and analyzed using a Nikon TS-1000 microscope with NIS Elements imaging software (Nikon). The percentages of PGP 9.5-and PLZF-positive cells were determined for 5 random microscopic fields by dividing the number of labeled cells by the total number of DAPI-positive cells. Replacement of primary antibodies with normal mouse or rabbit IgG served as a negative control.
Xenotransplantation and Analysis of Stem Cell Activity
Because the proliferation assay only indirectly analyzes the spermatogonial stem cell activity of the thawed cells, xenotransplantation of thawed cells was performed to better characterize the effects of cryopreservation on the spermatogonial stem cell. To prepare recipient mice, 5-to 6-wk-old immunodeficient athymic nude mice (Nara Biotech, Seoul, Republic of Korea) were treated with the chemotoxic drug busulfan (40 mg/ kg) to eliminate endogenous spermatogenesis at least 5 wk before transplantation as previously described (Kim et al., 2010; Lee et al., 2013) . Mice were housed in a 14:10 h light:dark cycle at a constant temperature with food and water available ad libitum. Prior to transplantation, donor cells were labeled with PKH Red Fluorescent Membrane Linker Dye (PKH26; 32 × 10 -6 M) following manufactures directions. The labeled donor cells were diluted to 2.5 × 10 6 cells/mL in SFM containing 10% FBS and 5% trypan blue (to confirm injection into recipient tests) and placed on ice until transplantation. After preparation of donor cells, recipient mice were anesthetized with intraperitoneal administration of ketamine (75 mg/kg) and medetomidine (0.5 mg/kg) and approximately 8 μL of PKH26-labeled donor cells was injected into each recipient testis, resulting in filling of 80% the recipient seminiferous tubules.
Because each donor derived colony originates from a single donor spermatogonial stem cell (Nagano et al., 1999; Zhang et al., 2003) quantification of the number of colonies (PKH26 positive) allows for the direct de-termination of the effects of different cryopreservation techniques on the spermatogonial stem cell. Recipient testes were recovered 6 to 8 wk after transplantation, tunica albuginea were removed, seminiferous tubules were spread on 60 mm culture dishes (Fig. 1) , and donor colonies were counted using a fluorescent microscope. A colony of donor derived germ cells was defined by size (200 μm or greater in length) and density (confluent population of donor cells along the basement membrane; Nagano et al., 1999; Kim et al., 2010) . The putative number of spermatogonial stem cell in each injected population was reported as colony number per 1 × 10 5 cells injected or colony number per total number of cells cultured after thawing using the following equations: 
Statistics
All data were subjected to ANOVA using SPSS version 18 software (SPSS Inc., Chicago, IL; www-01.ibm. com/software/analytics/spss). The effects of trehalose concentrations in media on viability and recovery of testis cells after thawing and recovery and proliferation capacity of germ cells after thawing were analyzed by 1-way ANOVA within each freezing method. Treatment means were separated using Tukey's honestly significant difference test. Contrast tests were also performed to compare the means of fresh samples vs. freezing samples and those of each trehalose concentration in media for cell freezing vs. tissue freezing method. Significance for statistical tests was set at P < 0.05.
RESULTS
Identification of Germ Cells in Donor Tissue
Donor testis tissue was histologically analyzed for the presence of undifferentiated spermatogonia markers PGP 9.5 (Luo et al., 2006) and PLZF (Costoya et al., 2004; Hermann et al., 2007; Luo et al., 2006; Reding et al., 2010) . Within the testis, the only cells that stained positive for PGP 9.5 and PLZF were germ cells. Furthermore, expression of these markers was localized to the cytoplasm and nucleus for PGP 9.5 and PLZF, respectively ( Fig. 2A and  2B) . Quantification of germ cells revealed 4.1 ± 0.2 PGP 9.5-and 3.9 ± 0.1 PLZF-positive cells per seminiferous cord (values = mean ± SEM, n = 4). As expected, PGP 9.5 and PLZF colocalized to the same cells, indicating that in porcine donor testes of this age, PGP 9.5 is expressed by undifferentiated germ cells (Fig. 2C) . Similar expression profiles for these markers were observed in tissues after thawing (Supplemental Fig. 1) .
Examination of single cell suspensions of testicular cells after digestion and differential plating to enrich for germ cells indicated that there was no significant (P = 0.784) difference between the percentages of PLZF-(17.4 ± 1.5%) and PGP 9.5-positive (18.2 ± 2.4%) cells (Fig. 2G, 2H , and 2I). Because PLZF is expressed by undifferentiated spermatogonia and spermatogonial stem cell in mammalian testes (Buaas et al., 2004) , including the pig testis (Luo et al., 2006) , and PLZF is expressed by the same cells expressing PGP 9.5, PGP 9.5 expression was used for further identification of germ cells. Similar expression profiles for these markers were observed in tissues after thawing (Supplemental Fig. 1 ).
Viability and Recovery of Testis Cells after Thawing
To determine an optimal technique for the cryopreservation of porcine undifferentiated germ cells, 2 different freezing methods (cell freezing and tissue freezing) and 4 different trehalose concentrations (0, 50, 100, and 200 mM) were evaluated for viability and recovery of testis cells after thawing. In the absence of trehalose, cryopreservation using the tissue freezing method resulted in significantly (P < 0.001) greater postthaw viability compared to the cell freezing method (61.7 ± 6.2 and 32.0 ± 4.2%). Within the cell freezing treatment, the viability of thawed cells frozen in 100 (48.9 ± 1.8%) and 200 mM (61.4 ± 2.8%) trehalose was significantly greater (P = 0.004 and P < 0.001, respectively) compared to control (0 mM trehalose; 32.0 ± 4.2%; Fig.  3A ). No significant difference was observed in the viability of thawed cells within the tissue freezing group regardless of trehalose concentration (66.5 ± 4.3% [P = 0.883], 73.3 ± 4.1% [P = 0.309], and 61.1 ± 3.1% [P = 0.999] for 50, 100, and 200 mM trehalose, respectively; Fig. 3A) . Viability of untreated cells, as expected, was significantly greater than all treatment groups (Fig. 3A) after the slow cooling freezing protocol. Numerically, cryopreservation in 50 and 100 mM trehalose provided the best environment for cell viability.
To compare the recovery of testis cells between freezing methods and media, the number of testis cells recovered after thawing per gram of testis tissue initially frozen was determined. In the absence of trehalose, significantly greater recovery (P < 0.001) was observed using the tissue freezing method (616.7 ± 52. (Fig. 3B ). Numerically, cryopreservation in 100 mM trehalose provided the best environment for testis cell recovery. (H) Protein gene product 9.5. Scale bars = 100 μm. Expression of PLZF and PGP 9.5 was quantified after differential plating in digested cell samples and the percentage of germ cells PLZF and PGP 9.5 (17.4 ± 1.5 and 18.2 ± 2.4%) expressing these markers was determined (I). The percentage of germ cells expressing PGP 9.5 and PLZF before purification for germ cells was 1.6 ± 0.4 and 1.3 ± 0.1, respectively (n = 4). Values = mean ± SEM. See online version for figure in color.
Recovery and Proliferation of Undifferentiated Germ Cells after Thawing
To determine the effect of the cryopreservation methods and media on undifferentiated germ cells, the recovery and proliferation capacity of PGP 9.5-positive germ cells recovered after thawing and differential plating per gram of testis tissue initially frozen was determined. In the absence of trehalose, significantly greater numbers of germ cells were recovered (P = 0.041) using the tissue freezing method (5.7 ± 0.4 × 10 4 ) compared to the cell freezing method (3.4 ± 0.3 × 10 4 ). Within both freezing method groups, addition of 200 mM trehalose to cryopreservation media resulted in significantly greater germ cell recovery (5.8 ± 0.6 [P = 0.030] and 8.5 ± 0.4 [P = 0.008], respectively; Fig. 4A ) compared to cell freezing and tissue freezing controls. Recovery of untreated cells, as expected, was significantly greater than all treatment groups (Fig. 4A) . Numerically, cryopreservation using the tissue freezing method with 200 mM trehalose provided Values are means ± SEM (n = 4). Bars within a group with different letters are significantly different (P < 0.05). Asterisks (*) indicate significant (P < 0.05) differences between different cryopreservation methods using the same cryopreservation media. CF = cell freezing, TF = tissue freezing. the best environment for germ cell recovery (Fig. 4A) . To evaluate proliferation capacity of thawed undifferentiated germ cells, the number of PGP 9.5-positive germ cells recovered after thawing, differential plating, and culture per gram of testis tissue initially frozen was determined. In the absences of trehalose, significantly greater numbers of germ cell after 12 d of culture (proliferation capacity, P < 0.001) were observed in thawed cells frozen using the tissue freezing method(4.5 ± 0.3 × 10 4 ) compared to the cell freezing method (1.7 ± 0.3 × 10 4 ). Addition of 100 and 200 mM trehalose to cryopreservation media resulted in significantly greater germ cell numbers after 12 d in culture (proliferation capacity) using thawed cells frozen with the cell freezing (4.1 ± 0.4 × 10 4 , P = 0.018, for the 100 mM trehalose treatment and 10.4 ± 0.7 × 10 4 , P < 0.001, for the 200 mM trehalose treatment) and tissue freezing (10.8 ± 1.6 × 10 4 , P = 0.022, for the 100 mM trehalose treatment and 16.4 ± 1.3 × 10 4 , P < 0.001, for the 200 mM trehalose treatment) methods compared to controls (0 mM trehalose; Fig. 4B ). Germ cell proliferation of untreated cells, as expected, was significantly greater than all treatment groups (Fig. 4B) . Numerically, cryopreservation using the tissue freezing method with 200 mM trehalose provided the best environment for subsequent germ cell proliferation (Fig. 4B) .
Evaluation of Cryopreservation on Spermatogonial Stem Cell Function
Based on the results examining recovery and proliferation capacity of PGP 9.5-positive germ cells, it appears that the tissue freezing method using media containing 200 mM trehalose is most effective for cryopreservation of undifferentiated germ cells. However, the only definitive way to determine the effects of different treatments directly on the spermatogonial stem cell is to perform the germ cell transplantation technique. After thawing, recovery, and culture ( Fig. 5A and 5B), cells that were cryopreserved using the tissue freezing method in media with 0 or 200 mM trehalose were labeled with PKH26 red fluorescent dye and transplanted into the seminiferous tubules of immunodeficient mouse testes. Recipient mice were sacrificed 6 to 8 wks after transplantation and the number of donor colonies was determined (Fig. 5C, 5D , 5E, and 5F). No significant (P = 0.581) difference was observed between cryopreservation media for the number of colonies per 10 5 viable cells transplanted (82.4 ± 8.6 and 74.6 ± 11.3 for 0 and 200 mM trehalose, respectively; Fig. 5G ). Due to significant differences in postthaw viability and recovery colony numbers were also evaluated normalized to the total number of cells recovered after freeze, thaw, and culture. Significantly more (P = 0.004) normalized colonies were generated from cells cryopreserved in 200 mM trehalose (71.0 ± 11.2 and 126.2 ± 13.3 for 0 and 200 mM trehalose, respectively; Fig. 5H ).
DISCUSSION
Cryopreservation of testis tissue or cells provides for the long-term preservation of spermatogonial stem cell. Although cryopreservation causes considerable cell death during the freeze-thaw process, sufficient numbers of cells needed for practical application do survive . The cell damage, known as cryoinjury, is mainly caused by the formation of ice crystals in intracellular and extracellular fluids. Reduction in the rate of freezing can lower the amount of intracellular ice formation due to gradual cellular dehydration; however, formation of extracellular ice crystals can still lead to cell death (Leibo and Mazur, 1971; Gao and Critser, 2000; Pegg, 2007) . Furthermore, recrystallization, in which the growth of large ice crystals is favored at the expense of small ones, has been identified as a significant factor in cell death during cryopreservation (Mizrahy et al., 2013) . Collectively, ice crystals produce mechanical damage to plasma membranes causing cell lysis, apoptosis, or tissue necrosis (Pegg, 2010; Chaytor et al., 2012; Lee et al., 2012) . Therefore, development of methods that can protect plasma membranes from damaging ice crystals will lead to more efficient cryopreservation. Addition of cryoprotective agents such as FBS to freezing media has been shown to significantly increase the efficiency of cryopreservation of mouse and bovine germ cells (Chen et al., 1993; Wu et al., 2012) ; however, similar effects have not been observed for porcine spermatogonial stem cell cryopreservation. Therefore, the objective of the current study was to develop an optimal method for the efficient cryopreservation of porcine undifferentiated spermatogonia, including spermatogonial stem cell.
Previous work using testis cells from mice has demonstrated the effective cryopreservation of germ cells enriched for spermatogonial stem cell. The mice in the previous study expressed the enhanced green fluorescent protein, which allowed for easy identification of donor derived germ cells in culture or following transplantation . Due to the lack of available transgenic livestock, the method performed in mice is not directly applicable to pigs. Although highly purified populations of germ cells can be enriched from porcine testes using differential plating (Kim et al., 2010) , lack of culture techniques for porcine spermatogonial stem cell limits the utility of culture to create large numbers of undifferentiated germ cells in vitro.
In the pig, histologic markers allow for the preliminary analysis of undifferentiated germ cell content in a given cell population. The PGP 9.5 (also named UCH-L1) and PLZF are markers of undifferentiated spermatogonia, including spermatogonial stem cell (Buaas et al., 2004; Costoya et al., 2004; Hermann et al., 2007; Luo et al., 2006; Reding et al., 2010) . These makers colocalize to the same testis cells; however, the cytoplasmic expression of PGP 9.5 in contrast to the nuclear expression of PLZF allows for more robust identification of undifferentiated germ cells (Luo et al., 2006) . Therefore, expression of PGP 9.5 serves as an effective means to quantify undifferentiated germ cells during the cryopreservation experiments.
To develop an efficient cryopreservation technique for porcine undifferentiated spermatogonia, 2 different freezing methods and 4 different freezing media were evaluated. The freezing methods evaluated included freezing nondigested testis tissue (tissue freezing method) and freezing single cell suspensions of cells isolated from donor testis tissue (cell freezing method). Cryopreservation media that were evaluated included basal freezing media containing 0, 50, 100, and 200 mM trehalose. After thawing, cells and tissues were evaluated for cell recovery and viability. Because of the initiation of apoptosis during freeze-thaw, evaluation of postthaw recovery and viability does not definitively describe the long-term survival of recovered viable cells . Therefore, the proliferation capacity of thawed cells was also determined. The ability of germ cells to expand in culture supplemented with growth factors, including GDNF, is characteristic of undifferentiated spermatogonia, including spermatogonial stem cell (Kubota et al., 2004; Ryu et al., 2005) , and allows for quantification of functional undifferentiated spermatogonia after thawing.
Overall, the tissue freezing method resulted in more efficient cryopreservation as evidenced by greater proliferation capacity of cells isolated from thawed tissue compared to cells that were isolated prior to thawing (cell freezing method). The process of enzyme treatment to create the single cell suspension for the cell freezing method is time intensive and could create mechanical disruptions that may be detrimental to efficient cryopreservation (Gouk et al., 2011) . In the seminiferous epithelium, interactions between spermatogonial stem cell and somatic cells and extracellular matrix are required for spermatogenesis (Dym and Cavicchia, 1978; Mruk and Cheng, 2004; Xiao et al., 2013) and it is plausible that this interaction also provides a cryoprotective advantage. For instance, the intimate spatial relationship between the spermatogonia and Sertoli cells could limit the amount of extracellular environment in which ice crystals could form. Additionally, the basement membrane between the seminiferous epithelium and peritubular myoid cells is composed of type 1 collagen and it has been demonstrated that addition of type I collagen to freezing media improves the cryopreservation of human embryonic stem cells (Kim et al., 2004) . The presence of the basement membrane near the spermatogonial stem cell niche may also minimize the influence of extracellular ice formation on spermatogonial stem cell survival. Therefore, it appears that maintaining cell-to-cell associations minimize some of the negative influences of cryopreservation by preserving the stem cell niche necessary for spermatogonial stem cell survival, proliferation, and differentiation (Spradling et al., 2001; Ogawa et al., 2005; Gouk et al., 2011) .
Evaluation of the effect of trehalose indicated that moderate levels of trehalose improved recovery and proliferation capacity of undifferentiated spermatogonia regardless of freezing method (tissue freezing or cell freezing). Trehalose is a nonreducing disaccharide of glucose produced by anhydrobiotic organisms to prevent desiccation (Crowe and Crowe, 1984) and its inclusion in freezing media has been shown to improve the postthaw viability of various cells, including fibroblasts, hematopoietic stem cells, and germ cells (Eroglu et al., 2000 Limaye and Kale, 2001; Erdag et al., 2002; Aboagla and Terada, 2003) . Furthermore, trehalose has also been demonstrated to improve the cryopreservation of mouse spermatogonial stem cell ). Although we have not explored the precise mechanism of action of trehalose as a cryoprotection agent, several plausible mechanisms have been described evaluating the effect of trehalose on artificial membranes. Specifically, it has been demonstrated that disaccharide molecules, such as trehalose, have the ability to form hydrogen bonds with the phospholipid heads of the cell membrane improving stability. Furthermore, it has been argued that trehalose could be more efficient compared to other sugar molecules because trehalose appears to be more structurally compatible to the lipid bilayer because of the flexibility of the trehalose glucose monomers (Sum et al., 2003) . This stabilization creates a high glass transition temperature and prevention of formation of intracellular ice (Eroglu et al., 2000; Jain and Roy, 2010) . Moreover, sugars such as trehalose can function as recrystallization inhibitors and protect the plasma membrane from extracellular ice formation (Chaytor et al., 2012) . Cryopreservation using the cell freezing method in the presence of 200 mM trehalose significantly improved the viability and recovery of testis cells and undifferentiated spermatogonia. Interestingly, cryopreservation using the cell freezing method in the presence of 200 mM trehalose negated the improvement of cryopreservation using the tissue freezing method. Addition of trehalose to media used for the tissue freezing method synergistically improved the effectiveness of cryopreservation when examining the recovery rate of undifferentiated germ cells. Regardless of freezing method, the proliferation capacity of undifferentiated germ cells was significantly improved when frozen in the presence of 200 mM trehalose. Interestingly, the influence of 200 mM trehalose was more dramatic for cryopreservation using the cell freezing method (6-fold improvement) rather than the tissue freezing method (3.6-fold improvement). This difference is likely due to decreased interaction between undifferentiated germ cells and the freezing media in the tissue freezing method.
In culture, undifferentiated germ cells consist of a heterogeneous population of spermatogonial stem cell and spermatogonia committed to become sperm. Therefore, although postthaw cytological analysis coupled with analysis of postthaw proliferation capacity suggest that 200 mM trehalose improves the cryopreservation of spermatogonial stem cell, definitive functional effects on the spermatogonial stem cell must be demonstrated using the germ cell transplantation technique. After transplantation and quantification of donor derived colonies no significant difference in colony number per 10 5 germ cells transplanted was observed. These data indicate that after cryopreservation using the tissue freezing method, thawing, and culture the functional capacity of a surviving spermatogonial stem cell to colonize a donor testis is unaffected by cryopreservation media. However, as demonstrated, cryopreservation media can have drastic effects on recovery and viability of thawed germ cells; therefore, to gain a more clear understanding of the true numbers of viable spermatogonial stem cell immediately after thawing, colony numbers were normalized to include recovery and viability rates. These data demonstrated significant differences in colony number per total number of germ cells recovered after freeze, thaw, and culture. These data indicate that spermatogonial stem cell that survive cryopreservation have equivalent capacities to colonize donor testes regardless of trehalose content of cryopreservation media. Therefore, the efficiency of cryopreservation is directly dependent on the survival and proliferative capacity of thawed spermatogonial stem cell. Additionally, the number of spermatogonia recovered from cryopreserved tissue was lower than fresh tissues, indicating that cryopreservation methods could be improved. Nevertheless, these data demonstrate that cryopreservation of porcine testis tissue in the presence of trehalose is more efficient than cryopreservation of digested porcine testis tissue in the absence of trehalose.
It is plausible that vitrification techniques may be able to more efficiently preserve porcine germ cells due to the lack of damage caused by ice crystal formation (Brockbank et al., 2000) . Development of techniques to preserve testis tissue using vitrification is in its infancy. Effective vitrification of prepubertal testis tissue was described by Gouk and colleagues in 2011 (Gouk et al., 2011) . This report demonstrated that vitrification is superior to slow cooling procedures using cryoprotection media containing DMSO, ethylene glycol, glycerol, propanediol, or sucrose (Gouk et al., 2011) . In fact, survival rates for testis tissue that was preserved using vitrification were nearly 100%. Similar results have been demonstrated in other studies examining the efficacy of vitrification of testis tissue (Baert et al., 2012 (Baert et al., , 2013 Curaba et al., 2011; Poels et al., 2013) . Further studies will continue to demonstrate the direct effects of vitrification on the spermatogonial stem cell.
In summary, the current study indicates that cryopreservation of whole tissues followed by thawing and cell isolation is a more effective method than isolating cells prior to cryopreservation. This is of particular interest for livestock and human fertility as current techniques do not allow for the repeatable culture and expansion of nonrodent spermatogonial stem cell. The tissue freezing method is also easier and can be accomplished at the production facility. Furthermore, inclusion of trehalose in the cryopreservation media synergistically improves the cryopreservation efficiency of porcine germ cells using the tissue freezing method. However, regardless of cryopreservation medium or freezing method, testis cell recovery, viability, and proliferation capacity of germ cells after thawing were significantly lower compared to those of untreated fresh control. In conclusion the data presented indicate that cryopreservation of porcine testis tissue prior to cell isolation in basal freezing media containing 200 mM trehalose is an effective technique for the long-term preservation of porcine undifferentiated spermatogonia, including spermatogonial stem cell.
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